One minute after instillation of 14C-estradiol-17/3 (t4C-E2 17/3) into selected sections of the gastrointestinal tract of swine, radioactive estradiol metabolites were present in blood collected from the portal and jugular veins. Ether was used to extract free but not conjugated estrogens. The percentage of plasma radioactivity that was ether extractable (EE) was low in portal plasma and even lower in jugular plasma following instillation of 14C-E217/3 into the stomach, ileum and colon. EE radioactivity was not detectable in either portal or jugular plasma when estradiol was instilled into the duodenum or jejunum. Therefore, estrogens were conjugated either in the lumen of the gastrointestinal tract or as they crossed the intestinal mucosa. The liver played only a minor role in conjugation of these steroids, since the estrogen metabolites present in portal plasma were very similar to those in jugular plasma, and metabolites in the urine were similar to those in plasma. The principal estrogen conjugate found in both portal and jugular plasma, regardless of the gastrointestinal section into which 14C-E2 17/3 was instilled, was estrone glucuronide. There was no uniform metabolic pattern observed in the metabolites of estradiol that remained in the lumen of each gastrointestinal section; however, many metabolic transforma- tions occurred. We concluded that almost all estrogens absorbed were metabolized during the absorption process. The liver was active only in the metabolism of estrogens that escaped conjugation in the intestinal mucosa. (Key Words: Estrogen Metabolism, Gastrointestinal Metabolism, Steroids, Absorption, Swine.)
I ntroduction
Animal products used for human consumption are known to contain both free and conjugated hormones. One group of hormones, the estrogens, is known to be present in milk (Erb et al., 1977) and meat (Henricks and Torrence, 1977) . Possible biological effects of these hormones and their metabolites have led to many questions about what is the metabolic fate of estrogens consumed orally. The major estrogen metabolites in human blood after iv administrations are different from those observed after oral administration (Stoa and Levitz, 1968; Fishman et al., 1969; Inoue et al., 1969a, b; Hobkirk and Nilsen, 1971) .
Many studies have been conducted on the fate of estrogens in swine because of similarities in estrogen metabolism and excretion between humans and swine (Brown et al., 1970; JonesWitters et al., 1975) . Bottoms et al. (1977) reported that estradiol administered orally to swine was rapidly absorbed and that only estrogen conjugates were found in the systemic circulation. The exact site of this metabolism was uncertain since portal blood samples were not collected. Therefore, this research project was designed to determine whether or not free estrogens in the gastrointestinal tract are metabolized during absorption across the mucosal cells or during their first pass through the liver.
Experimental Procedure
Animals. Yorkshire gilts (10 kg) were fasted for 18 h before the start of the experiment. Gilts 124 were tranquilized with zylazine 7 (2.2 mg/kg im) and anethesia was maintained with methoxyflurane s. A midline abdominal incision was made and the portal vein of all gilts, except those in which absorption from the stomach was studied, was cannulated with medical grade tubing 9 inserted through the splenic vein (Guinez, 1965) . In gilts where absorption from the stomach was examined, the portal vein was cannulated through the cranial mesenteric vein. The jugular vein was also cannulated.
The section of the gastrointestinal tract to be used in each experiment was isolated by ligatures placed at each end of the section, as follows. The entire stomach was isolated after ligatures were placed above the cardiac sphincter and just below the pyloric sphincter. The duodenum was isolated with a ligature at the pyloric sphincter and another at the duodenaljejunal flexure. A 15-cm section of jejunum was isolated by two ligatures placed in the midregion or misenteric portion of the intestine. A section of the ileum was isolated by two ligatures on the last 15 cm of the ileum. Finally, a proximal section of the spiral colon was isolated. In each experiment concerning the fate of the instilled estrogens, the common bile duct was ligated, nullifying the possibility that any metabolite would reenter the small intestine. During surgery, the entire gastrointestinal tract was kept moist with warm physiological saline. Twenty gilts were used in these experiments, four per group for each section of the gastrointestinal tract to be studied.
The metabolic fate of estradiol was determined by injecting 2/aCi 4-14C-estradiol-17/31~ (14C-E~ 17/3, specific activity 55 mCi/mmol) suspended in 5 ml of an aqueous-alcohol (9:1) solution into the section being studied, and the abdominal incision was closed. The purity of the 14C-E21713 was found by thin layer chromatography to be greater than 95%.
Sample Collection. Blood samples (5 ml 7 Rompun R, Haver-Lockhart Laboratories, Shawnee, KS.
8Metofane R, Pitman-Moore, Inc., Washington Crossing, NJ.
9SilasticR, Dow Corning Corporation, Midland, MI.
~0 Amersham Corporation, Arlington Heights, IL. HBeckman DPM-100, Beckman Instrument, Inc., Fullerton, CA. from the jugular vein and 10 ml from the portal vein) were taken before administration and at 1, 3, 5, 10, 15, 20, 25 and 30 min after administration. At the end of the experiment, the gilts were killed by an injection of saturated potassium chloride solution. The urinary bladder was drained and flushed with saline by means of a hypodermic needle attached to tubing inserted into the urinary bladder. The gastrointestinal compartment being studied was removed, its contents were collected and saline was flushed through the section and added to the contents. All urine and intestinal content samples were frozen for later extraction.
Separation and Analysis of Estrogen Metabolites. Blood plasma was obtained by centrifugation at 1,000 • g for 10 min. The total volumes of the samples were measured and .2 ml aliquots were taken and counted in 10 ml of scintillation fluid D (5 g PPO, 100 g naphthalene in 1 liter of distilled dioxane). Samples in this and every case reported herein were counted in a liquid scintillation counter 11 for 50 rain or until a 2% counting efficiency was reached. Quenching was determined by each sample with 14C-toluene used as an internal standard; results are expressed as DPM.
Jugular and portal plasma samples (2 to 5 ml) were extracted three times with four volumes of diethyl ether. The samples were frozen at -40 C, and the ether extractable (EE) fractions were decanted into glass liquid scintillation vials and evaporated to dryness under N2 in a water bath at 37 C. Ten milliliters of scintillation fluid T (5 g PPO in 1 liter of toluene) were added to the dried samples and the samples were counted. Aliquots of the ether extracted plasma (.2 ml) were counted in scintillation fluid D for determination of the total nonether extractable (NEE) radioactivity. The remaining ether extracted plasma samples were extracted twice with two volumes of absolute ethanol and centrifuged at 200 g for 15 min to precipitate plasma proteins. The ethanol extracts from each sample were combined, evaporated under vacuum at 37 C with a rotary evaporator and resuspended in 1 ml of methanol.
Because of the small degree of radioactivity, individual samples were pooled when necessary to provide sufficient radioactivity for further analysis. The pooled samples were dried under N2 and resuspended in 20 ml of distilled water. The samples were adjusted to pH 2 with 1 N HzSO4 (Mattox et al., 1969) and immediately passed through Amberlite XAD-2 columns 12 (Bradlow, 1968) . The columns were washed with an additional 20 ml of water and aspirated to dryness with a vacuum pump. The estrogen conjugates were eluted from the column with 60 ml of methanol into a round bottom flask and the methanol was evaporated under a vacuum. The samples were resuspended in 1 ml of methanol and .1-ml aliquots were counted in scintillation fluid D. The recovery of radioactivity from the XAD-2 resin was approximately 80%.
The remaining .9-ml samples were streaked onto thin layer chromatography (TLC) plates 13 coated with silica gel G-25 (.25 mm thick, 20 x 20 cm; Jones-Witters et al., 1975) . Reference standards (estrone-3-glucuronide, estradiol-17~-glucuronide, estrone-3-sulfate, estriol-3-sulfate and estradiol-3-sulfate-17/3-glucuronide) 14 were spotted on the plateS. The plates were developed twice in the same direction with chloroform: isopropyl alcohol:formic acid (100:50:30, v/v/v) in glass, paper-lined, thin layer chromatography chambers, and the reference standards were located with phosphomolybdic acid (10 g in 100 ml ethanol), which was developed under a heat lamp (Schomberg et al., 1966) . Five zones from each sample corresponding to the origin (zone I), diconjugates (zone II), monosulfates (zone III), monoglucuronides (zone IV) and solvent front (zone V) were scraped onto glassine paper and extracted five times with 2 ml of methanol. The methanol was evaporated under N2, the samples were resuspended in 1 ml of methanol and .1 ml was counted in scintillation fluid D.
Before enzymatic hydrolysis of these samples, further pooling was necessary. The extract from all similar TLC zones obtained from the portal blood collected at all times from the four pigs in each group were pooled. Samples collected from jugular blood were pooled in the same manner. Enzymatic hydrolysis of the monoglucuronides and monosulfates was conducted and the freed estrogens were separated by TLC as follows. Samples extracted from the 12Drug Skreen R, Brinkman Instruments, Westbury, NY.
13Sil G-25, Brinkman Instruments, Westbury, NY. '4Sigma Chemical Co., St. Louis, MO. lSEM Laboratories, Inc., Elmsford, NY.
monosulfate zone (zone III) of the chromatogram were suspended in 5 ml of sodium acetate buffer (pH 4.8) and incubated for 48 h at 37 C in a shaking water bath with 25 units of sulfatase (Sigma type V: Limpets)14/ml sample (Roy, 1957) . After the first 24 h of incubation, an additional 25 units of sulfatase/ml sample were added. Samples extracted from the monoglucuronide zone (zone IV) of the chromatogram were suspended in 5 ml of sodium acetate buffer and incubated for 48 h at 37 C with 2,500 units of 13-glucuronidase (Sigma type B-l: Bovine liver)14/ml sample (Jones and Erb, 1968) . Three drops of chloroform were added to each sample to prevent bacterial growth. After incubation, the samples were extracted three times with one volume of diethyl ether. The combined ether extracts were then evaporated and resuspended in 1 ml of methanol, and a .1 ml aliquot was counted in scintillation fluid D. The remaining extracts, as well as reference standards estrone, estradiol and estriol, were spotted on TLC plates is (20 x 20 cm) coated with silica gel G,60 and the plates were developed once in dichloromethane:methanol (10:1, v/v) in glass chromatography chambers (Schomberg et al., 1966) . The reference standards were located with phosphomolybdic acid, and zones corresponding to the origin (zone I), estriol (zone II, E3), estradiol (zone III, E2), estrone (zone IV, El) and solvent front (zone V) were scraped onto glassine paper and extracted five times with 2 ml of methanol. The methanol was evaporated, the samples were resuspended in 1 ml of methanol and a .1-ml aliquot was counted in scintillation fluid D.
Separation and Analysis of Urinary Metabolites.
The urine samples were thawed and a 20-ml aliquot was taken for analysis. The aliquots were adjusted to pH 2 with 1 N H2 SO4, applied to Amberlite XAD-2 columns 12, eluted, resuspended and chromatographed as indicated above for the plasma conjugates. Enzymatic hydrolysis of the samples extracted for the monosulfate and monoglucuronide zones was identical to that for plasma conjugates, except that only 12.5 units of sulfatase/ml sample were added to the monosulfate samples after the first 24 h of incubation. After incubation, the free estrogens were extracted, chromatographed and removed from the TLC plate in the same way indicated for the plasma samples. contents from the duodenum, jejunum and ileum were thawed and centrifuged at 200 • g for 15 min in 50-ml conical centrifuge tubes. The contents from the stomach and colon were centrifuged at 600 x g for 15 min in 250-ml plastic bottles. The water supernatant from all samples was decanted and saved. The pellet fractions were extracted two times with a volume of methanol equivalent to the original water volume. The combined methanol extracts were evaporated under a vaccuum at 37 C and combined with the original water supernatants t o make no more than a 5% methanol solution. The water-methanol extracts of the intestinal contents were extracted three times with two volumes of ether. The combined ether extracts from each sample were evaported under a vacuum and resuspended in 1 ml of methanol. A .1-ml aliquot was counted in scintillation 16Mallinckrodt, Inc., St. Louis, MO. fluid D. The remaining .9 ml of EE estrogens were thin-layered on silica gel G-60 plates 16 by the same procedure used for estrogen conjugates in plasma after they had been enzymatically cleaved and rendered EE. Zones corresponding to the origin, E3, E2, El and solvent front were extracted with methanol and .1 ml of a 1.0-ml methanol extract was ,c0unted in scintillation fluid D.
Separation and Analysis of Metabolites Remaining in the Intestinal Compartments. The
The remaining NEE fractions from the duodenum, jejunum and ileum were chromatographed on Arnberlite XAD-2 columns n. The eluates were evaporated and reconstituted and samples were prepared for counting as previously indicated. The NEE samples from the stomach and colon contents were applied to Amberlite XAD-216 columns (2 cm X 24 cm), and washed with 250 m! of water and aspirated dry. Estrogen conjugates were eluted with 250 ml of methanol.
The estrogen conjugates isolated from the intestinal contents were applied to silica gel G-25 thin layer plates 13 by the method described above for plasma conjugates. The monosulfates, as well as the monoglucuronides from the same intestinal compartment, were pooled and subjected to enzyme hydrolysis with the appropriate enzymes by the procedure used for the urinary conjugates. The freed estrogens were chromatographed on silica gel G-60 TLC plates Is as previously indicated.
The radioactivity in each zone from the chromatographic plates was determined as previously described and expressed as a percentage of the total radioactivity from each sample. The mean percentage and standard error of the mean were calculated for each group of experiments. The data were analyzed by a one-way analysis of variance. Significant differences between groups were determined by the Newman-Keuls sequential range test (Winer, 1962) .
Recrystallization to Constant Specific Activity. Where possible, the identity of the metabolites obtained from TLC was verified by recrystallizing to a constant specific activity (Axelrod et al., 1965; Bottoms et al., 1977) .
Selected samples that contained sufficient amounts of radioactivity were recrystallized from chloroform:methanol (1:1, v/v) after the addition of 30 to 50 mg of purified nonradioactive steroid, either E2 or El, consistent with the probable identity of the unknown. The specific activities of the steroids obtained from two sequential recrystallizations were compared to those obtained in the original mixture. If the specific activity was the same, the identity of the steroid was considered to be proven.
Results and Discussion
Steroid Metabolites in Plasma. Levels of EE radioactivity, free estrogens, in jugular plasma were very low (<1%) at all times following instillation of i4C-E217/3 in all sections of the gastrointestinal tract (figures 1 to 5). NEE radioactivity (i.e., conjugated estrogens) in jugular plasma peaked rapidly after instillation in the lower gut and less rapidly in the stomach and duodenum. Therefore, the estrogens were conjugated somewhere between the site of administration and the systemic circulation. Detectable levels of EE radioactivity occurred only briefly in portal vein plasma after instillation of 14C-E~17/3 in the stomach, ileum and colon (figures 1 to 5); thus, conjugation occurred either in the lumen of the gastrointestinal tract or as the estrogen crossed the intestinal mucosa. Since EE levels were high in chyme from all sections except the ileum (table 5), it appears that conjugation occurred as the free estrogens traversed the mucosa of the gastrointestinal tract.
The small amount of free steroid in portal plasma was conjugated during the first pass through the liver, since EE radioactivity in jugular plasma was less than 1% at all times.
In all experiments, the major metabolltes in plasma collected from either portal or jugular veins were glucuronides (table 1). The relative percentage of glucuronides in plasma was lower (P<.05) and that of sulfates was higher (P<.05) when 1+C-E2 17/3 was instilled into the stomach than any other region of the gastrointestinal tract.
The principal steroid cleaved by/3-glucuronidase and sulfatase was estrone (table 2). The similarity between conjugates in plasma collected from portal and jugular veins indicates that, during the absorption process, estradiol was (table 1) . The order in which this occurred in unknown, but it must have happened in the lumen or gastrointestinal mucosa, since EE radioactivity was very low in portal plasma and much lower in jugular plasma. The conjugates appeared to move into the portal blood and into the systemic circulation without further metabolism by the liver.
When 14C-E217/3 was instilled into the colon, there was initially a large difference in the amount of EE radioactivity in plasma collected from the portal vs the jugular vein (figure 5). Free estrogen molecules apparently were absorbed unconjugated, as indicated by their presence in portal plasma. The EE estrogens were metabolically transformed by the liver before reaching the jugular. Some estradiol glucuronide (E2-G) in the portal circulation may have been converted to estrone glucuronide (El-G) by the liver before reaching the jugular veins, or E1-G may have been eliminated by the kidneys more slowly. The former possibility is supported by the observation that the relative percentage of E1-G was greater (P<.05) in jugular than in portal plasma (table 2) .
Steroid Metabolites in Urine. The percentage of the dosage excreted in the urine by 30 min postinstillation ranged from 2.6% (stomach) to 29.8% (ileum) (table 3). Glucuronides (85 to 94%) and sulfates (5 to 14%) accounted for more than 98% of the conjugated steroids in urine. Enzymatic cleavage of the glucuronides revealed that estrone (85 to 96%) was the principal estrogen conjugated with glucuronide in urine (table 4). Estradiol (2 to 10%), estriol (2 to 5%) and the other two TLC zones (1%) accounted for smaller amounts of the conjugates. There may have been selective excretion or metabolic change in the kidney, since glucuronides accounted for a higher (P<.01) percentage of the total radioactivity in urine than in jugular plasma when 14C-E217/3 was instilled into the stomach, and since more glucuronides were conjugated with estrone in urine than in jugular plasma (tables 2 and 4) when 14C-E217/3 was instilled into the ileum and colon.
The conjugates cleaved by sulfatase were estrone sulfate, estradiol sulfate, estriol sulfate and an unknown metabolite (table 4) . The amounts varied, but most of the radioactivity 11.6 85.0 0 asamples removed from the sulfate and glucuronide zones were incubated with sulfatase or/~-glucuronidase, respectively. bEstrogen conjugates were separated on silica gel G-25 plates into diconjugate, sulfate and glucuronide zones. CEnzymatically cleaved estrogens were extracted with ether and separated on silica gel G-60 plates (20 X 20 cm) developed in dichloromethane:methanol (10:1, v/v). dportal value different (P<.05) from jugular value. conjugated with sulfate was present as estrone and estradiol sulfate. An unknown metabolite was also cleaved by sulfatase and the freed steroid was extracted with ether, but when chromatographed, it remained at the origin of the TLC plate, indicating that it was more polar than estriol. Poor enzymatic Cleavage of the sulfates, especially when the 14C-E217fl was placed in the duodenum and jejunum (table 4) , may have been due to the results of either an ineffective sulfatase enzyme or conjugation at some position other than the 3/~-position of the steroid molecule, since the enzyme was specific for the 3/3-position.
Steroid Metabolites Recovered in Intestinal Contents After Instillation of 14C-E217/3. A de-
cline in the percentage of administered radioactivity remaining 30 min post-treatment was observed in each succeeding gastrointestinal section (table 5) . The proportions remaining ranged from 49% in the stomach to 12% in the colon. Difficulties in extracting colon contents may have accounted for the small percentages remaining in this section. The remaining radio- asamples removed from the sulfate and glucuronide zones were incubated with Sulfatase or/3-glucuronidase, respectively. bEstrogen conjugates were separated on silica gel G-25 plates into diconjugate, sulfate and glucuronide zones.
CEnzymatically cleaved estrogens were extracted with ether and separated on silica gel G-60 plates (20 • 20 cm) developed in diehloromethane:methanol (10:1, v/v). alntestinal contents were centrifuged and the aqueous supernatar~ts were decanted. The pellets were extracted with methanol and the methanol extracts were concentrated and combined with the aqueous fractions. These combined fractions were extracted with ether.
bEther extractable metabolites were separated on sili~:a gel G-60 plates (20 X 20 cm) developed with dichloromethane:methanot (10:1, v/v). activity that was EE was greater than 66% in all sections, except the ileum, which had 17%. Increased numbers and types of microorganisms in the ileum and of enzymes in the mucosa of the ileum capable of conjugating E2 may have accounted for the greater conversion of 14C-E-17/3 into a conjugate that was not EE. The percentages of EE radioactivity in the colon was greater than 70% and microorganisms are abundant in that region. Therefore, the lack of enzymes in mucosal cells of the colon capable of conjugating E2 may account for the high EE radioactivity. This suggestion is supported by the observation that a high percentage of EE steroid was present in portal plasma when 14C-E2 17/3 was instilled in the colon.
Numerous problems were associated with the chromatographic separations of the EE estrogen metabolites due to the crude nature of the extracts that were applied to the TLC plates (table 5) . Most of the EE estrogen metabolites from stomach, duodenum and colon contents were identified as estradiol (66 to 84%), with smaller amounts of estrone (6 to 28%) and estriol (4 to 12%). The principal metabolite in the jejunum contents was identified as estrone (58%). Conclusions about the principal EE estrogens in ileum contents are questionable because of the large degree of radioactivity that remained at the origin; however, of the three estrogen zones, estradiol had the highest percentage of radioactivity, 24% compared with 14% for estrone and 11% for estriol. Both E2-/3 and E 2-a migrated about the same rate on TLC and were extracted together from the plate. The ratio of B/ot as determined by gas chromatographic retention times was 9 for the ether extractable samples from the jejunum (Bottoms et al., 1977) . The identity of the steroid responsible for the large percentages of radioactivity that remained at the origins of the TLC plates after chromatographic separation of the EE from stomach, jejunum and ileum is unkown.
Identities of the NEE estrogen metabolites in the intestinal contents are shown in tables 6 and 7. For each gastrointestinal section, a large percentage of the radioactivity migrated with the solvent front (table 6). Five to 75% of the radioactivity was found in this zone for the extracts from all gastrointestinal sections. These metabolites can only be characterized as being less polar than the known conjugates that were chromatographed. It is possible that they were EE steroids that were not initially extracted asamples removed from the sulfate and glucuronide zones were incubated with sulfatase or B-glucuronidase, respectively. bEstrogen conjugates were separated on silica gel G-25 plates into diconjugate, sulfate and glucuronide zones.
CEnzymatically cleaved estrogens were extracted with ether and separated on silica gel G-60 plates (20 • 20 cm) developed in dichloromethane:methanol (10:1, v/v). from the intestinal contents or conjugates that were cleaved before their chromatographic separation. When these metabolites from the solvent front were subjected to ether extraction after chromatography, 68 to 94% were EE.
Glucuronides accounted for most of the radioactive NEE steroids on the chromatograms (63 to 81%) for each section except the colon (13%, table 6), Much smaller amounts of diconjugates (1 to 5%) and sulfates (3 to 23%) were found in each section. These metabolites were subjected to enzymatic cleavage (table 7) . Large percentages of the radioactivity (3 to 23%) remained at the origin indicating a steroid more polar than estriol. Almost all the remaining radioactivity released after cleavage of the conjugates with /~glucuronidase or sulfatase migrated along with estrone, estradiol or estriol.
In conclusion these studies indicate that in gilts 14C-E217~ instilled into various sections of the gastrointestinal tract is rapdily absorbed into the portal circulation. Most of the absorbed 14C-E217/3 is oxidized to estrone and conjugated with glucuronic acid as it traversed the mucosa of the gastrointestinal tract. Any steroid that escaped conjugation in the intestinal mucosa is metabolized on the first pass through the liver.
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